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I. INTRODUCTION 
Change is the essence of life. Greek philosophy acknowl­
edged this view. After a belief in the immutability of the 
earth and sun in the Middle Ages, mankind through modern sci­
ence has returned to the acceptance of that statement. Fossil 
records have shown that the earth and its climate have changed 
dramatically over the course of its history. Periods of warmth 
accompanied by swamps and dinosaurs have alternated with periods 
of cold, ice sheets, and woolly mammoths. On the more recent 
scale, people still alive recall the bitter winters of the 
1880's as well as the intense heat of the 1930's. The extremes 
of the past several winters have been noted by nearly everyone. 
These statements.point out the need for precise definitions 
of climate and climate change. 
"Climate is the sum total of the weather experi­
enced at a place in the course of the year and over 
the years. It comprises not only those conditions 
that can obviously be described as 'near average' or 
'normal' but also the extremes and all the varia­
tions." (Lamb, 1972) 
This view is, perhaps, overly broad in its acceptance of 
variations. The more traditional view of climate as a 30-year 
average of a weather parameter allows for changes of climate 
from different averaging periods. Mitchell, et al. (1966) 
characterize systematic climate changes as fluctuations 
between climatic states represented by the 30-year averages. 
If the climatic states repeat, the fluctuation is termed a 
"cycle" or "rhythm". This rhythm has a constant, or near 
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constant, time interval between successive maxima and minima 
throughout a record. In this sense, we exclude sudden, discon­
tinuous changes such as those caused by vulcanism. The term 
periodicity is reserved for regular rhythms as opposed to 
irregular recurring phenomena such as the 11-year sunspot 
"cycle", which may vary from 8 to 15 years in length. In this 
study, such a fine distinction between periodicity and rhythm 
will not be made. All types of rhythms will be called cycles. 
Currently, there are four main time scales that have been 
identified with climatic cycles. The longest set of cycles is 
on the order of thousands of years. Variations in orbital 
parameters of the earth have been identified with periods of 
about 21 000, 41 000, and 90 - 100 000 years. These combina­
tions of changing orientation of the earth's sunlight reception 
may well be associated with the onset and recession of the ice 
ages. Other explanations of ice age type changes have involved 
passage through galactic dust clouds. 
A second, shorter scale involves the 80 to 100 year varia­
tion in the envelope of sunspot numbers. The maximum number 
of spots within a cycle appears to increase and then decrease 
with a period of 80 to 100 years. This phenomenon may be in­
volved in the occasional apparent disappearance of sunspots al­
together. Particularly cold eras in the earth's recent history 
around 1500 and 1700, known as the Sporer and Maunder minima, 
respectively, were probably accompanied by the absence of sun-
spots (Roberts and Lansford, 1979). 
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The third scale of solar activity is the 11-year sunspot 
cycle. Sunspots, or cool, dark areas of high magnetic field 
on the sun's surface, generally appear in pairs or groups. 
The magnetic polarity is opposite in the leading and following 
spots of a pair. The number of spots on the surface usually 
increases from 0 to 10 spots at high solar latitudes at the 
beginning of a cycle. The cycle progresses with more spots 
appearing at lower latitudes until a maximum of 50 to 200 are 
visible. The number then decreases with spots finally occurring 
around 5°. Since the reliable recording of cycles beginning 
around 1700, the cycle has varied from 8.5 to 14 years between 
maxima and 7.3 to 17 years between minima with the average 
length around 11 years (Herman and Goldberg, 1978). 
Another related period emerges from consideration of the 
magnetic field of the sunspots. It is observed that the polar­
ity of the magnetic field between the leading and following 
sunspots in a pair changes in alternate 11-year cycles. This 
22-year magnetic cycle was first recognized by Hale and is 
known as the double sunspot or Hale cycle. Cycles with maxima 
around I9l0, 1930, 1950, and 1970 have been arbitrarily desig­
nated as negative for the Hale cycle. The Hale cycle for years 
since 1880 is shown in Figure 1. The positive and negative 
halves of the cycle also have been denoted as major and minor 
halves, respectively. The minor half of the cycle usually peaks 
at a number slightly less than the maximum of the major half. 
Finally, there is solar activity with periods of 27 days 
200 A 
100 • 
ISOO 
-200 
Figure 1. The Hale double sunspot cycle since 1880 
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or less. The 27-day length of the cycle comes from the average 
rotation rate of the sun. Sunspot observations show the sun 
to have a differential rotation. The period is 25 days at thë 
equator, 27.5 days at 30°, and 35 days at the poles. Particle 
and electromagnetic fluxes from solar active areas of sufficient 
intensity appear to last through several solar rotations. Also, 
the solar wind and interplanetary magnetic field appear to be 
linked to the solar rotation. Non-periodic solar flares and 
particle storms occur on similar time scales and have similar 
effects. This category is important because the physical mech­
anisms are presumably the same as for longer term phenomena, 
yet occur frequently enough for easy study. However, effects 
of solar activity on these time scales are more likely manifest 
in weather phenomena rather than in climate characteristics. 
For the purposes of this study, attention will be restrict­
ed to the Hale, 22-year double sunspot cycle in sea-level tem­
perature and precipitation records. Where 11-year periodicities 
are noted, however, they will be mentioned. All of the other 
time scales will be excluded from consideration. This choice 
was made for two basic reasons. First, from an objective 
standpoint, it is desirable to be able to work with strictly 
meteorological variables (temperature, precipitation, atmos­
pheric pressure), rather than "proxy" data such as those derived 
from tree rings or ocean cores which become necessary for long­
er-term studies. Reliable instrumental records exist for the 
United States for about 100 years, allowing analysis of several 
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cycles. 
Second, the 22-year cycle is of potentially great impor­
tance for its impact on mankind. Thompson (1973) has noted the 
relationship between the Hale cycle and droughts in the U. S. 
plains states. Droughts seem to occur following the minimum 
after the minor half of the cycle. Clearly, anticipation of 
such droughts would have great implications for agriculture and 
the economy in general. The ability to foretell climatic fluc­
tuations could also prove beneficial in planning for hydrologie, 
housing, recreation, energy, and transportation usage (Mather, 
1974). With the current world population situation, the fore­
casting capability could prove critical to agriculture. 
Thompson (1979) has noted that weather fluctuations more than 
any other factor are responsible for variations in current 
world grain production. 
The point is also made by Roberts and Lansford (1979) that 
many millions of people depend on the next harvest for their 
yearly existence. They also assert that technology is about 
optimum, and yields are primarily dependent upon weather. They 
further estimate that one billion people suffer from malnutri­
tion, while 400 million are on the brink of starvation. Already, 
12 million people may have died in this century from starvation, 
an additional 500 million from malnutrition-related diseases, 
compared to 25, 10, and 2 millions for the preceding three 
centuries. 
The ability to forecast possible spatial and temporal 
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bounds of cycle-related droughts might allow for options in 
agricultural practices that would minimize the effect. The 
potential benefits must certainly be worth the effort of such 
an investigation. 
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II. LITERATURE REVIEW 
There exists an extensive literature on the subject of 
sun - weather relations. Pittock (1978) lists several sources 
that catalog about 12OO references covering the period 1826 to 
1977. The majority of these concern the 11- and 22-year cycles. 
Herman and Goldberg (1978) give a good review of the latest 
studies and the relevant solar and terrestrial physics. For 
the purposes of this study, only a few papers that consider the 
22-year cycle in U. S. weather records and that are relatively 
rigorous in statistical methodology will be reviewed. Also, a 
related study that describes the method of analysis adopted 
here will be mentioned. Finally, several studies of solar ac­
tivity, 22-year cycles, statistical studies, dynamic causes, or 
a combination of these in relation to this work will be summa­
rized . 
Shapiro (1979) and, particularly, Pittock (1978) have 
criticized many solar - terrestrial relationship studies on 
several grounds. Their reviews have identified many mistakes 
and omissions that are made by researchers in this area. 
Pittock (1978) lists several guidelines that should be met in 
any study of this type. First, the data length that is being 
used to identify a particular rhythm should extend to 5 or 6 
cycles of interest. He lists examples where seeming correlations 
of weather data to sunspot numbers disappear after a few cycles. 
Second, many identified relations are "corroborated" by addi­
tional stations which are not independent due to interconnec­
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tion of global circulation features. This induces auto-correla­
tions within the data. The result is to reduce the degrees of 
freedom in the system. When properly considered for statisti­
cal tests, the significance levels are reduced. Third, many 
studies suffer from a posteriori significance reasoning rather 
than a priori. Again, the statistical significance is different. 
Fourth, studies often do not propose any physical reasoning for 
their results. In particular, a^ hoc mechanisms advanced to 
explain results should be discouraged. Care must be used to 
avoid these pitfalls in any study in such a field where ener­
getics implies that any direct connection is unlikely. Physi­
cal hypotheses are most helpful to differentiate exterior 
causation from internal resonance, particularly for shorter 
period cycles. 
One study which meets most of these criteria is that by 
Mitchell, et al. (1979). They constructed a 260-year record 
of Palmer Drought Severity Index from tree ring data from 40 
climate regions in the western United States. The index con­
sisted of total areas from all the regions where tree ring 
width denoted specified degrees of drought. Spectral analysis 
of the area indices showed a concentration of variance near 
22 years, significant at levels between 5 and 0.1%. Further, 
they have used harmonic analysis on the band-pass-filtered, 
drought-area indices to show that drought-area maxima occur 
about 2 years after the minimum following the minor half of the 
Hale cycle. Also, it appears that large drought areas which 
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are weighted averages of four severity-level area-indices, lead 
the large amplitude sunspot cycles by about 10 years. These 
results hold in general for the entire period of investigation. 
The notable features of this study are the long record, intro­
duction of a "wandering" area index, and robust statistical 
methods. The results display an unusually high level of sta­
tistical significance for a solar - terrestrial relationship. 
This work is also based upon a biological response to meteor­
ological variability. Unfortunately, the meteorological vari­
able or combination of variables becomes obscured in the highly 
non-linear time integration introduced by tree growth processes. 
This makes causative mechanisms virtually impossible to detect. 
Hancock and Yarger (1979) also have found evidence of a 
21-year periodicity in mean monthly state-average temperatures 
and precipitation amounts in 84 years of record. States along 
the eastern seaboard possess 21-year January temperature peri­
odicities at the 5% level of sunspot cycle - temperature coher­
ency. There is also a cluster of states in the Great Plains 
that have June precipitation - sunspot coherencies at the 5% 
level. They also found 10% level coherencies for June tempera­
tures in several contiguous western states. They observed 
phase relationships in the June temperature and precipitation 
cross-spectral analyses which suggest that a precipitation 
minimum would occur about the time of a sunspot minimum follow­
ing the negative half of the Hale cycle. The temperature and 
precipitation series are 180° out of phase. This low precip­
11 
itation - high temperature combination would be conducive to 
drought conditions in the Great Plains. Further, their work 
shows monthly regional temperature progressions of 11-year 
cyclic nature from May to July which suggests some dynamic 
factor at work. Such a relation does not appear at 21-year 
periods, however. 
On the other hand, Gerety, et al. (1977) have found no 
indication of solar signal in spectral and cross-spectral 
analyses of approximately 300 single-station temperature and 
precipitation records relative to sunspot numbers and geomag­
netic indices. Their classifications were made by latitude 
bands and season for 55 years of record. They found few signif­
icant coherencies of 10, 5, or 1% at any of 22-, 11-, or 5.5-
year periods. Also, phases of the few significant stations 
occur randomly about a harmonic dial. Two features seem to 
stand out in this analysis. First, the record length is rather 
short for the analysis, particularly for a 22-year periodicity. 
Second, the number of stations which surpass the coherency 
levels at the different cycle lengths is significantly less 
than would be expected by chance. 
Several other studies also have one or more points that 
relate to this work. Mock and Hibler (1976), Hibler and, 
Johnson (1979), Dicke (1979), and Schuurmans (1978) have all 
found periodicities of approximately 20 - 22 years by statis­
tical analysis of various records. Mock and Hibler (1976) 
found a 20-year signal in eastern North America January temper­
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atures by maximum entropy spectral analysis. Hibler and 
Johnson (1979) found a 20-year signal by maximum entropy and 
conventional spectral means in Greenland ice core oxygen iso­
tope records. Dicke (1979) found a 22-year period in hydrogen 
isotope records. And, Schuurmans (1978) found an alternate 
solar cycle variation in Dutch winter temperature records over 
350 years. These studies are characterized by the Hale cycle-
type periodicities and the long lengths of record involved. 
Two other studies that have received attention in this area 
are Marshall (1972) and Willett (1974). Marshall (1972) has 
studied 30 years of yearly state rainfall totals. This sample 
appears to have a 20-year cycle with compensating regional 
variations accompanying several years. The "trade-off" areas 
appear to be the northern Great Plains and the Northeast. 
Willett (1974) has also found evidence of temperature variations 
in phase with a normalized Hale cycle for summer season temper­
atures in Omaha, Nebraska, and winter season temperatures in 
Boston, Massachusetts. The normalization of the Hale cycle 
identifies 8 periods of a uniform 22-year periodicity. These 
"Willett periods" will be discussed later. 
Three other studies that deal with simple 11-year solar 
variations will be mentioned because of the relation to proce­
dures that are used in this work. Kelly (1977) has found a 
sea-level atmospheric pressure pattern in the North Atlantic 
Ocean that exhibits some 11-year periodicity. The phase rela­
tionship to the sunspot cycle is variable over the length of 
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the record, however. Brown and John (1979) have also found 
evidence of circulation variations in the North Atlantic Ocean 
which are strikingly different between the minimum and maximum 
portions of the solar cycle. Finally, Carrie (1979) has found 
a 10.5-year variation in North American temperatures which is 
consistently restricted to the northeast portion of the continent 
with a northward gradient of the amplitude. These studies 
imply that solar activity may affect sea-level circulation 
features over a significant portion of the globe with an inten­
sity which is amenable to rigorous statistical treatment. 
One additional study that relates to the present disser­
tation is the work of Wilcox, et al. (1974). They studied the 
relationship of short-term solar activity on tropospheric 
circulation. Changes in the direction of the solar magnetic 
field at the earth were consistently associated with decreased 
total area in the Northern Hemisphere, north of 20° N latitude, 
where the vorticity exceeded a pre-determined threshold. This 
total area was not necessarily contiguous. This effect was 
observed only during the winter season, but it did appear, in 
varying amplitude, at all pressure levels in the atmosphere up 
to 200 mb. The particularly interesting features of this study 
are the area-index basis of the vorticity parameter and the 
direct association of solar magnetic activity to the atmos­
pheric circulation. Unfortunately, no mechanism is proposed, 
and no direct link of this short-term solar activity to the 
longer-term solar cycle is available. 
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Briefly, these papers reveal several techniques which will 
be used in this study. The most successful solar activity 
studies have employed an area approach to the parameter under 
investigation. Further, the work is most reliable when powerful 
statistical techniques such as spectral analyses and cross-
spectral analyses, or mathematical procedures such as orthog­
onal function analysis, are used. Finally, direct time-series 
analysis of single station records is frequently inconsistent 
or disappointing due to natural variability in weather param­
eters, particularly on short time scales. 
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III. PROCEDURES 
A. Statistical Procedures 
Several statistical procedures were used to evaluate the 
results of this study. The primary method employed was analysis 
of the periodogram of the time series involved. A Fast Fourier 
Transform algorithm was used to obtain the Fourier coefficients 
of the time series. Spectral estimates were then obtained 
from the normalized sum of squares of the Fourier coefficients 
for each frequency. Finally, smoothed estimates of the period­
ogram ordinates were obtained by using a 1-2-1 filter. Table 1 
gives the probability levels for the ratio of the largest raw 
periodogram ordinate to the average for various numbers of 
ordinates. Table 1 is adapted from Fuller (1976). The number 
of ordinates is half the length of the data series plus one, 
if the record length is even, and the corresponding number for 
the series extended by adding a dummy value, if odd. Various 
length series, as noted, were used in different parts of this 
study. Significant probability levels were arbitrarily chosen 
as 1CP^ or less for this study. Results approaching this level 
may be noted as well. This level was chosen to conform to 
usually quoted limits, although this is a severe restriction 
in light of the number of cycles of data available. 
All significance levels quoted for studies are based on 
periodogram ordinate ratios of raw data. The smoothed ordi­
nates were used for graphical purposes. Accordingly, diagrams 
reflect the correct position of periodicities, but not true 
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Table 1. Ratio values of largest periodogram ordinate to 
average. 
Series Probability of a larger value 
Length Number of 
(yrs) Ordinates 
0.10 0.05 0.01 
44 23 5.02 5.58 6.81 
55 29 5.30 5.89 7.18 
66 34 5.48 6.08 7.41 
84 43 5.76 6.38 7.76 
88 45 5.81 6.43 7.82 
105 54 6.02 6.65 8.08 
^Adapted from Fuller (1975). 
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magnitudes. Plotted magnitudes are decreased from raw values 
by the smoothing technique. 
Additionally, cross-spectral analyses of two time series 
were made. Cross spectra were made for selected cases of the 
meteorological series against either sunspot numbers or geomag­
netic indices. Again, the cross-spectral estimates were derived 
from the time-series coefficients obtained by Fast Fourier 
Transform analysis. Squared coherencies and phases then were 
determined using a five-point uniform filter (Hancock and Yarger, 
1979). The 10, 5, and 1% significance levels of coherency for 
the five point uniform filter are 0.44, 0.53, and 0.68, respec­
tively (Fuller, 1976). 
Another form of time-series analysis for determining 
cross-correlations between two non-periodic series is super­
posed epoch analysis (SEA). The SEA method is described by 
Panofsky and Brier (1968). Various selections of Hale cycle 
positions were used as "keying events" which are denoted as 
keydate 0 in the SEA. Epoch lengths were chosen to be greater 
than the 11-year period of solar activity, allowing sufficient 
breadth to each epoch centered on the keying event to exhibit 
any variability. Statistical significance of such variability 
over the superposed epochs was judged by a modified, two 
sample "t"-test between the keydate with the largest deviation 
and the average of all other keydates in the epoch (Snedecor 
and Cochran, 1967, p. 114). 
Lastly, empirical orthogonal function (EOF) analysis was 
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applied to the meteorological fields involved to see if spatial 
and temporal variability at these periods could be identified. 
Kutzbach (1957) and Sellers (1958) discuss these techniques 
in detail. The meteorological fields were first normalized by 
subtracting the location means and dividing by the standard 
deviations. The derived matrices then corresponded to cross-
correlation matrices of the normalized departure fields. The 
eigenvectors of this matrix contain the spatial variability 
while the associated coefficients contain the temporal infor­
mation. 
B. Data Sets 
The meteorological data sets used in this study consisted 
of the state average temperature, state average precipitation, 
and selected single station temperature, precipitation, and 
sea-level atmospheric pressure records. The state average 
temperature and precipitation records are essentially those 
used by Hancock and Yarger (1979). They comprised monthly 
values for the period 1890 - 1977 (88 years) for 41 states. 
New England (Maine, New Hampshire, Vermont, Connecticut, 
Massachusetts, and Rhode Island) was not listed separately by 
state prior to 1931 and, thus, was not included. Also, 
Maryland data were not available for the entire period. The 
data are listed in U. S. D. A. Statistical Bulletin 101 (U. S. 
Dept. of Agriculture, 1951) and Areally weighted state averages 
of temperature and precipitation totals, 1931-1974 (U. S. Dept. 
of Commerce, 1975) . These data sets were updated with values 
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through 1977. Hancock and Yarger (1979) discuss the quality 
and homogeneity of the data involved. 
The single station records were restricted to June monthly 
averages based on preliminary studies of the state average 
temperature and precipitation results. These were extracted 
from the monthly climatological records for stations in North 
America that are available on magnetic tape from the National 
Center for Atmospheric Research, Boulder, CO. These data were 
divided into two subsets. The first subset consisted of the 
76 stations covering the 48-state continental United States 
used by Gerety, et al. (1977) for the period of their study, 
1906-1960. These records were restricted to the monthly aver­
age precipitation amounts. 
The second subset utilized 42 selected stations for which 
a 105-year record (1873-1977) of June temperature, precipitation, 
and sea-level atmospheric pressure could be constructed having 
no more than 6 missing years of temperature or precipitation 
values. Missing values from the tape at the beginning of the 
record were filled in by values from Climatic Data for the 
World (available from National Climatic Center, Asheville, NC) 
or the monthly average, or, for pressure, by the monthly aver­
age sea-level pressure from the Climatic Atlas of the United 
States (U. S. Dept. of Commerce, 1958). Missing values at the 
end of the tape records were extracted from Climatological 
Data - National Summaries, 1950-1977 (available from National 
Climatic Center, Asheville, NC). No attempt was made to verify 
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the homogeneity of data from the tape as there was no infor­
mation available to do so. When stations were moved, as de­
noted by station heights in the climatological data, homogeneity 
was tested by paired "t"-tests and linear corrections applied 
where necessary. For sea-level atmospheric pressure values, 
the sea-level value was used where available and constant 
correction values applied to station pressure values when they 
were given. Hydrostatic corrections based on temperature were 
tested on selected stations which had periods of overlap of 
station and sea-level pressure readings, but no correction 
scheme performed better than the average difference for the 
monthly means. 
The time series indicators of solar activity were the 
sunspot numbers and geomagnetic activity indices. The sunspot 
numbers were Zurich yearly mean sunspot numbers. For the Hale 
cycle, sunspot numbers in alternate cycles are designated as 
negative with the cycle beginning in 1878 being the first 
such one. 
The geomagnetic activity indices chosen were the "aa" 
indices as being representative of magnetic activity in the 
Northern Hemisphere. The values are June monthly means. The 
aa-indices are derived from magnetic field values measured at 
two roughly anti-podal observatories. The values are obtained 
from Mayaud (1973), Mayaud and Romana (1977), and Paulishak 
(World Data Center A, NOAA, Boulder, CO, personal communication, 
1979) . 
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C. Area Index Series Construction 
The general procedure used in this study, with the excep­
tion of the empirical orthogonal function analysis, involved 
statistical analysis of derived area indices rather than direct 
evaluation of the meteorological variables themselves. This 
area index derivation consisted of defining a threshold for a 
meteorological variable. For a specific state, that state's 
area would be added to the index for that year if the value of 
the variable exceeded the predetermined threshold. The total 
area index for the given year, then, consisted of a sum of all 
areas where the variable exceeded the threshold. The final 
index was the series of yearly areas. 
For single stations, an area was defined which consisted 
of all land closer to that station than an adjacent station. 
The procedure for determining these areas is to draw perpendic­
ular bisectors of line segments defined by adjoining station 
locations. The area around that station is circumscribed by 
the bisectors. This figure is known as a Thiessen polygon 
(Linsley, et al., 1975). This was further modified to take 
account of different climatic regions by considering only the 
area within the Thiessen polygon that corresponded to the cli­
matic regime of the station. 
The threshold for the index was defined to be a certain 
percentile ranking. The percentile level chosen for most of 
the work was the l6th percentile. Additionally, for two 
studies the lOth and 25th percentiles were used. This was 
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chosen as a non-parametric means of selecting extrema. The 
16th percentile would correspond to one standard deviation 
from the mean of a normally distributed population. This per­
centile definition coincided with a standard deviation for 
temperature, but was easier to use for precipitation. Excessive 
amounts of computer time would have been necessary to find the 
individual transforms needed to normalize the precipitation 
values of all the stations. Several state precipitation records 
were tested by using various combinations of square-root trans­
formations. No consistent transformation was found to be ade­
quate . The drawback to this percentile threshold is that each 
station or state is required to appear a given number of times 
in the area index regardless of the extremeness of the values. 
Operationally, each state's or station's values are sorted by 
magnitude with the upper and lower percentile positions defining 
those corresponding years where the area is to be included in 
the index. Each study then used two indices: one - areas from 
years defined by the upper given percentile, designated positive 
and one - areas from years defined by the lower, designated 
negative. For simplicity, area index series will be designated 
by the month and meteorological parameter from which they were 
created. Unless specified, all series will be assumed to orig­
inate from a l6th percentile definition. Hence, area index 
series created from a l6th percentile threshold of June temper­
atures will be designated June T + and June T -. A precipi­
tation area index series will be denoted by P. 
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A final data arrangement that was used for this study was 
the selection of Willett periods for use as keying events in 
SEA analyses. Willett (1974) has defined portions of the Hale 
cycle to be major and minor halves with rising, maximum, fall­
ing, and minimum parts, respectively. This is shown in Figure 2. 
Each portion of the cycle then consists of 2 to 4 years with the 
variation being due to the changing nature of solar activity. 
Some years may thus occur in two phases, or not occur in any. 
These periods were used as keying events because Willett iden­
tified certain precipitation and circulation patterns with the 
phases. The particular years in each Willett period are shown 
in Figure 3. 
These procedures have been adopted in this study for a 
variety of reasons. The areal index approach to the analysis 
has been used for three reasons. First, it allows the equiv­
alent treatment of the state average values with the single 
station values. Second, it allows the threshold-defined signal 
to vary in location. This may be important for dynamical rea­
sons. Circulation-connected variability may manifest itself 
in different places in different years from the same cause. 
This would escape detection in single station records. Third, 
the analysis of the area change rather than the variable change 
itself, will reduce the problems of station independence, 
homogeneity, and separation. 
The definition of a threshold level for areal consideration 
is comparable to setting a biological effect criterion. The 
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central U. S. plains droughts and Mitchell, et al.'s (1979) 
results have been biological responses to meteorological param­
eters. It is probable that biological systems can tolerate 
considerable variability before measureable growth responses 
can be determined. It is the irreparable harm that is most 
important to mankind. A threshold effect of both positive and 
negative extremes might alter proposed physical processes 
associated with these cycles. The concept, if not the partic­
ular value, of the threshold then seems appropriate. 
The SEA approach has been used to identify the timing of 
the resulting effects to help identify possible causes. This 
may shed some light on probable and improbable chains of connec­
tion. Finally, EOF analysis was employed to locate any physi­
cally derived circulation patterns which may show the appropri­
ate variability. 
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IV. RESULTS AND DISCUSSION 
A. State Average Temperatures and Precipitation 
This study will attempt to build on the results of Hancock 
and Yarger (1979). Therefore, attention will be directed to 
their significant results at 21-year periodicities. This Hale-
cycle periodicity was most pronounced in the eastern U. S. 
January temperatures and the central U. S. June precipitation 
and temperatures. The data set initially was identical to that 
of Hancock and Yarger (1979). This was the state monthly aver­
age temperatures and precipitation totals for 1891 through 1974 
as described previously. The eastern United States was defined 
to be all of the states analyzed that were east of the Missis­
sippi River. 
Indices were first created for January temperatures that 
were one standard deviation above and below the mean of each 
state in the eastern United States. The periodograra of the 
area-index series of January T+ shows some power near the 21-
year period. To facilitate comparisons with later precipitation 
analyses, the index series also was created using a l6th per­
centile threshold. The periodograms of both January T+ series 
are shown in Figure 4. This figure illustrates the similarity 
of the percentile approach to the standard deviation definition 
of a threshold for the area-index series. The figure also shows 
the abundance of power near the 21-year period in the eastern 
U. S. January temperature extremes. The raw periodogram ordi-
nates at 21 years are 0.61 compared to the average of 0.16. 
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The peak has been shifted away from the 21-year maximum in the 
raw values by the smoothing technique. 
To illustrate the periodicity in the series directly. 
Figure 5 shows the January T+ area-index series for the eastern 
United States. The northwest portion (Michigan, Wisconsin, 
Illinois, Indiana) of this region has been deleted to conform 
to the area of interest noted by Hancock and Yarger (1979). 
The series is clearly seen to be dominated by the decades of 
the I9l0's, l930's, and I950's. Indications of the effect in 
the 1890*s and 1970*s are also visible. 
Figure 5 shows the January T+ area-index series for the 
entire United States. The general nature of this figure, com­
pared to Figure 5, shows that the area-index series behaves in 
a similar manner across the entire country. The periodicity 
at 21 years is evident, although not as clearly. These two 
figures are, by no means, redundant because the additional area 
in the western United States could completely dominate if the 
effect were not more widespread. 
Cross-spectral analyses were made between the January T+ 
area-index series and the Zurich mean annual sunspot numbers 
based on the Hale cycle. These cross-spectra were done for 
the entire U. S. January T+ and T- series, eastern U. S. 
January T+ and T- series, and the entire U. S. June T+ and T-
series based on the results of Hancock and Yarger (1979). The 
results of these cross-spectra at a 21-year periodicity are 
given in Table 2. Also shown are the coherency and phase re-
Figure 5. U. S. eastern seaboard January T+ area-index 
series 
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Table 2. Coherency and phase results of cross-spectral anal­
ysis of temperature index series and sunspot number. 
21 Year 10.5 Year 
Series Coherency Phase Coherency Phase 
All, January + 
All, January -
East, January + 
East, January -
All, June + 
All, June -
0.41* 
0.00** 
0.46 
0.13 
1.66 
2 .02 
0.57 
0.09 
0.05 
0.03 
0.34 
1 
1 
1 CM 
1 
1 
1 
1 
1 CO 
1 
1 
I
I
I
 
•
I
I
 
r-
4 
1 
• 
**Denotes significance at 15%. 
***Denotes significance at 10%. 
Denotes significance at 5%. 
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suits for a 10.5-year periodicity. The significant series at 
21 years are all positive. The January series differ in phase 
for the eastern United States compared to the whole United 
States. The eastern U. S. areal-index leads the sunspot series 
by about 5.5 years, while the entire U. S. series leads the 
sunspots by only 5.5 years. This differing phase relationship 
undoubtedly contributes to the reduced significance of the 21-
year periodicity in the entire U. S. January temperature signal. 
This June temperature relationship appears more significant 
and potentially, directly related to the sunspot series. It is 
also of interest in light of the later results concerning pre­
cipitation series. The 10.5-year results will not be further 
commented on here. 
To be sure that other series had not contained any 21-year 
periodicities, periodograms were made of all the monthly T+ and 
T- area-index series. Only May and June T+ series contained 
interesting 21-year periods. Neither of these attained the 2 0% 
level of significance, however. Figure 7 shows the smoothed 
periodogram of the June T+ series. 
Because the quasi-twenty year periodicity predicted that 
drought conditions would recur in the mid-1970's, the state-
average temperature and precipitation records were updated 
through 1977. They were also extended backwards to include 
1890 to even the record at 88 years. Periodograms again were 
made of the new T+ and T- area-index series for January and 
June. Only the June T+ smoothed periodogram indicated a peak 
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at 22 years, that being due, in large part, to the smoothing. 
Further investigation of the small temperature periodicities 
noted appeared unwarranted. Therefore, emphasis was shifted 
to consideration of the precipitation series. 
Area indices also were prepared for the monthly state-
average precipitation values. Indices were first defined by 
thresholds of one standard deviation from the mean of the uncor­
rected and square-root transformed values, respectively. Peri-
odogram results of these indices bore no relation to the results 
of Hancock and Yarger (1979). Considering the widely disparate 
precipitation regimes involved, each state would require indi­
vidual fitting techniques to find a suitable transformation, 
and confirmatory tests to normalize it in relation to the 
other states, before a combined area-index series could be made. 
Therefore, a non-parametric threshold definition of percentile 
ranking was chosen. The l5-th percentile was chosen as the 
main threshold, corresponding to one standard deviation of a 
normal distribution. This technique was then used for both 
temperature and precipitation studies, as noted before, to 
facilitate comparison of results. 
As in the case of temperature, area-index series of P+ 
and P- were constructed for all months for the period 1891-
1974. These 24 series were then analyzed by spectral analysis. 
Smoothed periodograms of January P+ and June P+ and P- series 
are shown as Figures 8, 9, and 10. The January and June nega­
tive results are interesting, but do not reach impressively 
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significant levels. The June positive series has significant 
21-year periodicity at about 1CP^ according to Table 1, as the 
ratio of the 21-year spectral estimate to the average of the 
spectral estimates is 5.71, based on 43 ordinates. The raw 
ordinate value is 0.91 and the average is 0.16. It should be 
mentioned that there is an indication of some power at 10.5 
years for October P+ values, as well. This statistically sig­
nificant power of the June series appears, not in the negative 
precipitation series as would be expected by the traditional 
drought cycle, but in the positive series. There is, however, 
a negative precipitation periodicity as well. Perhaps this 
precipitation excess has not had as large a biological effect 
as the noticeable deficits have. 
To visualize how these results are manifested geographical­
ly, the states contributing to each year's positive or negative 
index were identified and mapped. The results of the June se­
ries, updated through 1977, are presented in Figure 11. There 
are two main points made by this distribution. First, the idea 
of Marshall (1972) is illustrated where geographical areas trade 
off in receiving excess or deficit precipitation, in light of 
their average amounts, within the same year. Second, the 
effects do not scatter randomly about the country. Excess or 
deficit areas tend to cluster in contiguous regions within the 
year. This figure illustrates the traditional drought patterns 
noted in the middle of the odd-numbered decades, i.e. 1910's, 
1930's, 1950's, and is highly suggestive of some dynamical 
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origin. 
The area-index series formed by the combination of the 
positive and negative series also exhibits a 21-year periodicity 
significant near the 10% level as determined by the periodogram 
ordinate ratio value of 5.71. The raw ordinate value and 
average are 0.9l and 0.16, respectively. This smoothed period-
ogram is shown in Figure 12. This series is equivalent to a 
time series of areas under the influence of extreme precipita­
tion conditions rather than normal random variability. 
Cross-spectral analyses between the June positive and neg­
ative series and the sunspot cycle were also made. The coher­
ency between the June P+ series and the double sunspot cycle 
at the 21-year period is 0.71, significant at the 1% level. 
The phase at this period is -2.35, signifying that the precip­
itation excess cycle lags the double sunspot cycle by almost 
8 years. The negative series is approximately significant at 
the 10% level with equal power being shared over ordinates 
adjacent to the 21-year period. The phase here indicates that 
the deficit cycle leads the double sunspot cycle by about 
4.3 years. 
Because this precipitation result for June is the most 
interesting and statistically demonstrable of the results thus 
far, it is important to determine the stability of the result 
under various definitions of index thresholds. Therefore, 
thresholds were chosen that broadly bracket the 16th percen­
tile to form new index series. Area-index series were accord-
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Figure 12. Periodogram of June P+ and P- area-index series 
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ingly formed at the 25th and lOth percentiles for all months 
for positive and negative extremes. The results were not mark­
edly different from those at the l6th percentile. January P+ 
and June P+ series were the ones showing the most 21-year 
power at both levels. The ordinate value was reduced from 
that at the 16th percentile in both cases, however. The lOth 
percentile threshold did provide a June negative series that 
had a 21-year power approaching a 10% level of significance. 
It was concluded that threshold level of the area-index series 
was relatively unimportant in affecting the results of 21-year 
periodicities in the basic data sets. The peak levels of the 
periodograms varied only slightly over this broad range of 
threshold percentiles. There was no major shifting of periods 
or affected months, however. 
Following the method of analysis adopted by Wilcox, et al. 
(1974), periodograms were made for series consisting of double 
threshold area indices. Wilcox, et al. (1974) found that their 
signal was intensified by choosing two thresholds and adding 
the areas. In effect, this is a method of weighting the values. 
Weights 0, 1, or 2 are applied to values below the lowest 
threshold, between thresholds, or above the high threshold, 
respectively. Accordingly, new area-index series were formed 
by adding the area indices of the series formed at two separate 
thresholds. The series chosen were June T+, T-, P+, and P-
series at the 16th and lOth percentiles. 
The June T+ (16 & 10) series periodogram showed only mini-
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mal, identifiable power at the 21-year period. The June nega­
tive temperature series showed nothing. The June precipitation 
series, both positive and negative, indicated dominant, but 
not 10%-si.gnificant power at 2l-year periods. The double 
threshold definition did, effectively, smooth the periodogram 
at other periods. Figure 13 shows the smoothed periodogram of 
June P+ (16 & 10). This method does not strengthen the signal, 
though. 
The state monthly precipitation values were updated, as 
was done for temperatures, by the additions of 1890, 1975, 1975, 
and 1977 to complete an 88-year record. New area-index series 
for January and June were made, and spectral analyses of these 
were redone. Only the June series showed any 22-year spectral 
power. The June P+ series was, again, the most impressive, 
but the significance now did not quite reach 10% with a ratio 
of 5.25, with ordinate and average values being 0.84 and 0.16, 
respectively. 
One last analysis from this data set was done. An arbi­
trary definition of "drought" was made as the area-index series 
consisting of June positive, 16th percentile temperatures and 
negative, 16th percentile precipitation amounts. It was felt 
that this double criterion might approximate the traditional 
drought conditions insofar as these two meteorological param­
eters are concerned. Using this standard, four years stand 
out clearly as having the largest areas. In 1911, 1933, 1952, 
and 1974; 29, 51, 40, and 25%, respectively, of the area of the 
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country was affected by this "drought" condition. The states 
and years involved are shown in Figure 14. The spectral anal­
ysis of this series shows very clear power at both 21- and 10.5-
year periods. However, neither of these peaks approaches a 
10% level of significance. The smoothed periodogram is shown 
in Figure 15. 
A cross-spectral analysis between this "drought" area-
index series and the double sunspot cycle reveals a coherency 
of 0.52, significant near the 1% level, and a phase lead of 
about 4 years for the "drought" series. Some caution must be 
employed in accepting these results. Temperatures and precipi­
tation amounts, particularly in monthly values, may not be 
completely independent due to évapotranspiration processes. 
One final spectral analysis was run to check the consist­
ency of the results of the area-index series studies. The area 
index might be criticized statistically on the basis of being 
a discontinuous variable to be analyzed. The index is defined 
in terms of a series of step functions for each state. There­
fore, a more conventional series was defined for June precipi­
tation by finding a sum of the area-weighted departures from 
each state's mean value, for each state, for each year of the 
series. This series is now a sum of continuous variables and, 
therefore, better behaved statistically. Another series of 
area-weighted absolute values of the departures was also made. 
The simple departures would correspond to the situation where 
the entire United States might receive different total amounts 
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of precipitation from year to year. The absolute value series 
would correspond to the case of equal, total precipitation 
amounts, but varying distribution around the country. 
The periodogram of simple area-weighted departures shows 
dominant power at the 22-year period. The ratio of that spec­
tral estimate (0.76) to the average (0.16) is only 4.83, how­
ever. The smoothed periodogram is shown in Figure 15. The 
absolute value series showed no periodicities a round 22 years. 
The correspondence between the area-weighted precipitation 
results and the area-index series results implies that no 
significant difference between analysis results exists. Fur­
thermore, the cumulative, area-weighted precipitation deviations 
were plotted as a function of time. Figure 17 clearly shows 
the dry periods where the change is consistently downwards. 
Significant downslopes occurred during the 1910's, 1930's, and 
1950's, the classic drought periods. Equally impressive, how­
ever, is the recovery periods preceding each decline. The 
recovery period from 1935 to 1951 far surpasses the early 1930's 
decline. 
In light of the variable length of the sunspot cycles, 
superposed epoch analyses were used to help identify timing of 
the area-index series in relation to the Hale cycle. The SEA 
technique is particularly adaptable to comparisons of non-
periodic series. Further, the sunspot cycle was identified in 
Willett period-type format for uniformity in the various com­
parisons. Figure 18 shows the SEA of the eastern U. S. January 
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T+ series using the minor minimum as the keying event (keydate 
0). The minor minimum is the year where the Hale cycle switches 
from the negative to the positive half. Also, the area-index 
series excludes Wisconsin, Michigan, Illinois, and Indiana to 
be consistent with the significant eastern U. S. area of 
Hancock and Yarger (1979). 
The peak at keydate 0 is significantly different from the 
mean of the other keydate s at greater than 10% using the mod­
ified "t"-test mentioned previously. This two-sample test 
allows for unequal numbers in the samples and unequal variances 
of the samples. As all series are one-sided departures, one-
tailed tests were done. The area-index reaches an average of 
62% of its maximum value at keydate 0. Thus a major area of 
the eastern seaboard seems to be affected by positive, January 
temperature departures during sunspot cycle minor minima. 
As noted in the cross-spectral analyses of the area-index 
series, the phase relations shift when the entire U. S. January 
T+ series is considered. Figure 19 shows the SEA of the entire 
U. S. January T+ area-index series using a keying event of a 
major (positive) maximum. The broad peak at keydates -4 and 
-3 is significant at about 1% using the modified "t"-test men­
tioned previously. Since the major maximum follows the minor 
minimum by about 4 years, the peak at -4 to -3 years is consist­
ent with the eastern U. S. area timing and cross-spectral anal­
ysis phasing information where the series differ by, at most, 
a year. The exact phase values do not quite agree, due to the 
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Figure 19. SEA of U. S. January T+ area-index series using 
a MAX+ keying event 
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exact periodicity requirements of the cross-spectral analysis 
technique which are not satisfied by the sunspot series. 
A SEA of the January T- series using a minor minimum key­
ing event shows a noisier epoch with a peak at keydate -5, 
significant at only the 20% level. This is shown in Figure 20. 
The eastern U. S. January T- series SEA also shows a peak at a 
corresponding time, but not at a significant level. A negative 
area anomaly 5 years preceding a minor minimum would indicate 
that negative temperature departures are associated with minor 
maxima rather than the minima as for the positive temperature 
departures. Another SEA of the January negative temperature 
series using a minor maximum as a keying event produces a broad 
peak at +1, +2, significant at the 5% level. This is shown in 
Figure 21. It is also shown that this peak accounts for an 
average of 37% of the total area of the country at this time. 
A comparison of Figures 21 and 20 shows the difference that the 
keying event choice in quasi-periodic series can make. 
Next, a SEA of the June P+ series was done using the minor 
minimum as the keying event. There were no reasonably dominant 
peaks. A very broad area of increased values did appear near 
keydates -5 to -8, however. Therefore, a SEA based on a minor 
maximum keying event was done. This is shown in Figure 22. 
A peak now appears at keydate 0 which is significant at the 1C% 
level. 
A SEA of the June P- series using the minor minimum as the 
keying event is shown in Figure 23. Here, the primary peak 
2.0 J 
3 
= 1.5-
X 
0.51 
0,0 
-S •5 4 •2 0 2 4 6 8 
K E Y  D A T E  
Figure 20. SEA of January T- area-index series using a 
MIN- keying event 
% 
X 
LU 
a 
K E Y  D A T E  
Figure 21. SEA of January T- area-index series using a 
MAX- keying event 
0.5 -
0.0 "1 I I I I I I I T" 
-8 '6 -1 -2 0 2 i{ 6 8 
K E Y  D A T E  
Figure 22. SEA of June P+ area-index series using a MIN-
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occurs at keydate -2. This peak is significant at 0.5%. The 
secondary peak at keydate 0 makes the numerical significance 
and physical interpretation of this result dubious, however. 
There seems to be some preference for negative precipitation 
departures to occur near, or just prior to, minor minima of the 
Hale cycle, although the behavior of the series at keydate -1 
is puzzling. 
Finally, a SEA of the "drought" series, which was the 
June T+ and P- joint series, was done by using the minor mini­
mum as the keying event. The peak at keydate -2 was significant 
at the 0.5% level. This is generally consistent with the result 
of the cross-spectral analysis where the "drought" series led 
the sunspot values by 4 years. Also, the significances are 
about equal. Again, the methods of analysis are not strictly 
comparable. 
One other precipitation area-index series was subjected 
to a SEA because its smoothed periodogram showed some periodic­
ity at the 21-year period. The October P+ series SEA, with minor 
minima as keying events, showed a peak at keydate -5, signifi­
cant at the 2.5% level. However, additional, comparable peaks 
at keydates +5 and -8 make interpretation of the results diffi­
cult. The results of these superposed epoch analyses are 
summarized in Table 3. 
In an effort to verify Willett's (1974) assertions with 
regard to preferred rainfall phases of the Hale cycle, area-
index series totals for the Willett periods defined in Figure 3 
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Table 3. Superposed epoch analyses of selected area-index 
series. 
Significant Significance Keying 
Series Keydate Level (%) Event 
E-U. s .  Jan T+ 0 10 MIN-
U. s .  Jan T+ -4,-3 1 MAX+ 
E-U. s .  Jan T— + 1 20 MAX-
U. s .  Jan T- -5 20 MIN-
U. s .  Jan T- + l,+2 5 MAX-
U. s .  Jun P+ 0 10 MAX-
U. s .  Jun P- -2 0.5 MIN-
U. s .  Jun T+/P- -2 0.5 MIN-
U. s .  Oct P+ -5 2.5 MIN-
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were plotted superimposed on the double sunspot cycle to see 
if clear preferences exist. The June P+ series is shown in 
Figure 24, June P- in Figure 25, and June "drought" (T+ and P-) 
in Figure 26. There appears to be a slight preference for 
larger precipitation excess areas to occur at positive-to-nega­
tive cycle transitions. On the other hand, precipitation def­
icit areas seem to increase during negative-to-positive cycle 
transitions. The "drought" areas also seem to be maximum near 
negative-to-positive transitions of the double sunspot cycle. 
To be sure, these results are merely qualitative and due, in 
large part, to the series behavior during two particular cycles 
only: 1930*s and l950's. This suggests that the precipitation 
areas, denoted P+ and P- in Figure 2, are reasonably correct, 
as far as this data set is concerned. 
B. Single Station - Area Comparison 
One objective of this study was to attempt to reconcile 
the conflicting results of Hancock and Yarger (1979) and Gerety, 
et al. (1977), insofar as the method of analysis used here may 
be appropriate. Accordingly, June precipitation records for 
76 stations in, and immediately adjacent to, the continental 
United States were selected from a magnetic tape record of 
climatological station records for the world, exclusive of 
Europe, obtained from the National Center for Atmospheric Re­
search. This is the U. S. subset of the data used by Gerety, 
et al. (1977). The same time period of 1906-1960 was used. 
Figure 24. June P+ area index summed over the Willett 
periods of Figure 3 with superimposed Hale 
cycle 
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Figure 25. June P- area-index series summed over Willett 
periods 
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Figure 26. June "drought" area-index series summed over 
Willett periods 
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The stations in this record are listed in Table 4. An area 
assigned to each station was constructed using the Thiessen 
polygon technique mentioned previously. The area within each 
polygon that corresponded to the precipitation regime of the 
station as listed in the Climate Atlas of the United States 
(U. S. Dept. of Commerce, 1968) was selected as the area appro­
priate to the station. This precipitation regime selection was 
judged to be necessary as total Thiessen polygon areas often 
crossed several, widely varying precipitation regions, partic­
ularly in western, mountainous areas. The station amount 
would not be representative of the whole polygon. This area-
weighting partially offsets the station distribution which 
exhibits clustering around lower New England and the central 
Great Plains. 
By using these station areas, we created June P+ and P-
area-index series for the period 1906-1950. A mean series 
value was added to each series to even the length at 56 years 
for the spectral analysis routine. Periodograms were made of 
the positive and negative series. Consistent with Gerety, 
et al. (1977), no power was seen near the 11-year solar cycle 
length. Because of the record length, no period near 22 years 
could be resolved by the spectral technique. To demonstrate 
that these results are consistent with the state-average method, 
the state-average June precipitation data for the period 1906-
1960 were used to produce comparable area-index series. Peri­
odograms of these series are extremely similar to the station 
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Table 4. Single station area network covering the continental 
United States, 1906-1950. 
Phoenix AZ 
Yuma AZ 
Little Rock AR 
Eureka CA 
Long Beach CA 
Mount Shasta CA 
Sacramento CA 
San Diego CA 
San Francisco CA 
Denver CO 
New Haven CT 
Washington DC 
Jacksonville FL 
Key West FL 
Pensacola FL 
Maçon GA 
Boise ID 
Cairo IL 
Chicago IL 
Des Moines lA 
Concordia KS 
Dodge City KS 
Topeka KS 
New Orleans LA 
Eastport ME 
Boston MA 
Alpena MI 
Marquette MI 
Duluth MN 
Minneapolis MN 
St. Cloud MN 
Vicksburg MS 
St. Louis MO 
Havre MT 
Helena MT 
Crete NB 
North Platte NB 
Omaha NB 
Winnemucca NV 
Albany NY 
New York NY 
Asheville NC 
Cape Hatteras NC 
Bismarck ND 
Devil's Lake ND 
Cincinnati OH 
Columbus OH 
Sandusky OH 
Goodwell OK 
Portland OR 
Philadelphia PA 
Pittsburgh PA 
Block Island RI 
Charleston SC 
Columbia SC 
Huron SD 
Rapid City SD 
Memphis TN 
Nashville TN 
Abilene TX 
El Paso TX 
Galveston TX 
Salt Lake City UT 
Burlington VT 
Lynchburg VA 
Spokane WA 
Tatoosh Island WA 
Walla Walla WA 
Parkersburg WV 
Madison WI 
Sheridan WY 
Chicoutimi Can. 
Montreal Can. 
Toronto Can. 
Victoria Can. 
Monterrey Mex. 
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area-index series periodograms. These smoothed periodograms 
are shown in Figure 27. The upper portion of the figure are 
P+ area-index series from the station values (solid line) and 
the state-average values (dashed line). The lower portion is a 
similar plot for the P- series. The arrows note the frequency-
corresponding to a period of 11.2 years. Clearly, comparable 
periodicity results are obtained whether area weights are ap­
plied to single station records or area averages are used to 
form extrema series for this type of study. 
The results of the 55-year station area-index series did 
confirm the earlier state-area precipitation results, even 
though the 1930's and 1950's were included. This difference may 
have been due to absence of an exact 22-year period in the anal­
ysis or the short length of the record (2.5 cycles). To see if 
this 22-year period does exist in single station records, a new 
network of 42 stations with records covering a more extensive 
period was chosen from the stations available on the tape re­
cord . The number of stations and their locations were determined 
by requiring that a record cover at least 5 periods (105 years) 
for the continental United States with no more than 5 years of 
missing temperature or precipitation data at any station. Data 
voids were then filled as previously described to produce a 105-
year (1873-1977) record. The stations used are listed in 
Table 5. Areas were then constructed for these 42 stations in 
a manner similar to that used for the 76 station network. These 
stations and their polygon areas are shown in Figure 28. 
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Figure 27. Periodograms of June P+ and P- area-index 
series from both state and station networks 
for 1906-1960 
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Table 5. Single station U. S. area network for extended period, 
1873-1977. 
Mobile AL 
Yuma AZ 
Long Beach CA 
Red Bluff CA 
Sacramento CA 
San Diego CA 
San Francisco CA 
Denver CO 
Washington DC 
Jacksonville FL 
Key West FL 
Cairo IL 
Chicago XL 
Dodge City KS 
New Orleans LA 
Alpena MI 
Detroit MI 
Marguette MI 
Minneapolis MN 
Vicksburg MS 
St. Louis MO 
Havre MT 
North Platte NB 
Omaha NB 
Albany NY 
New York NY 
Cape Hatteras NC 
Bismarck ND 
Cincinnati OH 
Portland OR 
Pittsburgh PA 
Charleston SC 
Memphis TN 
Nashville TN 
Abilene TX 
El Paso TX 
Galveston TX 
Salt Lake City UT 
Lynchburg VA 
Walla Walla WA 
Madison WI 
Cheyenne WY 
Figure 28. Stations and accompanying polygon area for 42 
station network 
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To monitor the effect of the various record lengths on 
the periodogram, subsets of data were used to construct 3 P+ and 
P- area-index series. The subsets consisted of 44 (1911-1954), 
55 (1906-1960), and 66 (1901-1966) years bracketing the period 
of Gerety, et al.'s (1977) investigation. The series at 55 years 
was then evened at 56 values as before to use the spectral 
analysis routine. It should be noted that the 55 year series 
has periodicities at 11.2 years, and 18.7 and 2 8 years, corre­
sponding to the 11- and 22-year periods, respectively. The 
appropriate frequencies are noted on Figures 29 and 30 which 
show the positive and negative smoothed periodograms. The 
positive series periodograms in Figure 29 show the absence of 
any 11-year periodicity. A 22-year feature appears to be pres­
ent at all record lengths. The resolution of the peak, however, 
depends on the record length. At 66 years, a 22-year peak, 
although of small amplitude, does appear to be better isolated. 
The 22-year period is more prominent in the negative series in 
Figure 30. Again, the longer record improves the spectral res­
olution, and a peak near 22 years has become more dominant. 
A record of 3 cycles or less does not appear to be adequate to 
isolate any 22-year periodicity, even if it exists in a record. 
C. Single Station Network Series 
To determine if the 22-year periodicity does exist in 
this data set, the entire 105-year record of temperature and 
precipitation values was used to form T+, T-, P+, and P- area-
SPECTRAL DENSITY 
Figure 29. Periodograms of June P+ area-index series for 
44, 55, and 66 years of record 
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Figure 30. Periodograms of June P- area-index series for 
44, 55, and 66 years of record 
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index series. Again, the values were extended to even the 
series at 106 values each by the addition of means for spectral 
analysis. The exact periods of interest are now 21.2 and 10.6 
years. The smoothed temperature periodograms are shown in 
Figure 31 with the positive series being the upper portion of 
the figure and the negative series the lower. There are defi­
nite 21- and 11-year periodicities evident, although not at 
significant levels in the positive temperature series. 
Figure 32 shows the P+ and P- area-index series, smoothed 
periodograms in the upper and lower portions, respectively. 
The positive and negative series ratios of 21-year spectral 
estimate to the average are 5.14 and 4.59, respectively. The 
P+ series raw ordinate and average are 0.84 and 0.16, respec­
tively, while the P- series values are 0.72 and 0,16. Although 
these periodicities do not reach statistically significant lev­
els, they are the dominant cycles in this data set. The record 
length allows for resolution far superior to the earlier spec­
tra for the state-average data. 
An area-index series for the defined "drought" condition 
of T+ and P- was also analyzed. Again, the periodogram dis­
played sharp peaks at 21- and 11-year periods, but not at sig­
nificant levels. Also, the spectra showed numerous, broad 
peaks at shorter periods, in contrast to the individual tem­
perature and precipitation spectra. The "drought" series does 
show some long-term periodicity, but the shorter term varia­
bility dominates in this data set. 
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Figure 31. Periodograms of June T-f- and T- area-index series 
from 42 station network for 105 years of record 
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Figure 32. Periodograms of June P+ and P- area-index series 
from 42 station network for 105 years of record 
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Cross-spectral andlysis between the P+ and P- area-index 
series and the double sunspot numbers shows the positive series 
to have a coherency with the sunspot cycle at 21 years of mag­
nitude 0.58, significant at greater than 5%. The negative 
series shows no great coherency at 21 years. The phase rela­
tion of the positive precipitation series to the sunspot cycle 
at 21 years is -1.47, or a lag of about 5 years. This lag is 
basically comparable with the approximately 8 years found in 
the state-averages study. 
An analysis of the 42 station data set was done to see if 
the effect of the area-weighting could be determined. Equal 
areas were assigned to all stations. The new P+ and P- "area-
index" series were analyzed. The smoothed periodograms of the 
positive and negative, equally-weighted station series are 
shown as the upper and lower portions of Figure 33, respective­
ly. The periodicities are only minimally evident, except for 
the 21-year period in the positive series. Even this raw spec­
tral estimate is only 0.57 compared to 0.84 for the area-weight­
ed station series. The area weighting does enhance the periodic 
signal, and is virtually essential to attain significant levels 
in the periodogram given the barely adequate length of record 
available. 
In an effort to identify possible circulation types that 
accompany precipitation extremes, Willett's (1974) circulation-
precipitation relations were used to examine June rainfall 
amounts at the 42 stations for the 105 years of record. Precip-
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Figure 33. Periodograms of June P+ and P- area-index series 
from equally-weighted station values 
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itation distribution histograms were superimposed for each sta­
tion for each different type of distribution expected. The 
first station histogram consisted of the station's values di­
vided into 3 distributions according to whether the circulation 
type should be a continental blocking pattern (CB), high lati­
tude zonal flow (HLZ), or low latitude zonal flow (LLZ) in 
connection with the Willett periods shown in Figure 2. The 
second histogram consisted of 3 distributions from those periods 
identified as enhanced (P+) or decreased (P-) precipitation, or 
otherwise. The third histogram had distributions determined by 
the recurring precipitation periods associated with Figures 24 
and 25, or otherwise. These divisions are summarized in Table 
6. The individual years are given corresponding numerical 
designations for constructing the histograms. These desig­
nations are given in Table 7. 
Inspection of the 12 6 histograms (42 stations times 3 dis­
tribution divisions) generated shows no discernible, systematic 
variation among the stations. Plots of normalized precipitation 
for the three types of distributions for Omaha, a mid-continen-
tal station, are shown in Figure 34. This station shows the 
maximum difference between distribution types. There appears 
to be several extreme Junes of higher precipitation in the "LLZ" 
and "P+" categories compared to the other categories in each 
distribution. However, these extremes in the identified excess 
category barely surpass the "other" or "CB" category for this 
station. And, other stations do not share this behavior. 
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Table 5. Distribution types and Willett-period definitions. 
Willett "Type One" Circulations (W-I) 
1 - Continental Blocking Pattern; R+, Max+, F+(lst half) 
2 - Low Latitude Zonal Pattern; F+(2nd half), Min+, R-, Max-
3 - High Latitude Zonal Pattern: F-, Min-
Willett "Type Two" Circulations (W-II) 
1 - Enhanced Precipitation: Min+, R-
2 - Decreased Precipitation: Min-, R+ 
3 - Other; Max+, F+, Max-, F-
Empirical Distribution (E) 
1 - Enhanced Precipitation: R-, Max-
2 - Decreased Precipitation; F-, Min-
3 - Other; R+, Max+, F+, Min+ 
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Years pertaining to distribution types for station 
precipitation records. 
W-II E Year W-I W-II E Year W-I W-II E 
3 3 1908 3 3 1 1943 2 1 3 
3 3 1909 3 3 2 1944 2 1 3 
3 3 1910 3 3 2 1945 2 1 1 
3 3 1911 3 3 2 1946 2 1 1 
1 3 1912 3 2 2 1947 2 1 1 
1 3 1913 3 2 2 1948 2 3 1 
1 1 1914 1 2 2 1949 2 3 1 
1 1 1915 1 2 3 1950 3 3 2 
1 1 1916 1 2 3 1951 3 3 2 
3 1 1917 1 3 3 1952 3 3 2 
3 1 1918 1 3 3 1953 3 2 2 
3 1 1919 1 3 3 1954 3 2 2 
3 2 1920 1 3 3 1955 1 2 2 
3 2 1921 2 3 3 1956 1 2 3 
3 2 1922 2 1 3 1957 1 2 3 
2 2 1923 2 1 3 1958 1 3 3 
2 2 1924 2 1 1 1959 1 3 3 
2 2 1925 2 1 1 1960 1 3 3 
2 3 1926 2 1 1 1961 1 3 3 
2 3 1927 2 3 1 1962 2 3 3 
3 3 1928 2 3 1 1963 2 1 3 
3 3 1929 2 3 1 1964 2 1 3 
3 3 1930 3 3 2 1965 2 1 1 
3 3 1931 3 3 2 1966 2 1 1 
3 3 1932 3 2 2 1967 2 1 1 
3 3 1933 3 2 2 1968 2 3 1 
3 3 1934 1 2 2 1969 2 3 1 
1 3 1935 1 2 3 1970 2 3 1 
1 3 1936 1 2 3 1971 3 3 2 
1 1 1937 1 3 3 1972 3 3 2 
1 1 1938 1 3 3 1973 3 3 2 
1 1 1939 1 3 3 1974 3 3 2 
3 1 1940 1 3 3 1975 3 2 2 
3 1 1941 2 3 3 1976 3 2 2 
3 1 1942 2 3 3 1977 3 2 2 
C B  
•  • •  • •  * * • • • • • •  • • • •  • • • « • • # • «  4  *  « t .  •  #  • «  •  0  
I I I  
• « • • • •  • • * • • • • • •  •  #  • •  
H  L Z  
• •• ••••••• # # • 
» • • • • # • • • • •  t  •  •  #  
OTHER 
P -
P  +  
O T H E R  
#  • #  • • •  4  é  • • • • • «  • «  •  
P -
P  +  
! I I I I I I I I 'I 
•0 .2 .4 .6 .8 1.0 
R E L A T I V E  P R E C  1  P I  T A T  I  O N  
Figure 34. Relative Omaha June precipitation amounts for 
Willett and empirical distribution types 
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As an example of continental variability at these stations. 
Figure 35 shows the W-II circulation types distributions for 
New York NY, Omaha NB, and Sacramento CA. The few extreme 
Junes in the "P+" type may seem superficially suggestive of 
a pattern, but the bulk of each distribution is not radically 
different from the others. 
A more numerically amenable approach to finding spatial 
variability was tried. The state-average June temperatures 
and precipitation amounts were used in an empirical orthog­
onal function analysis as mentioned previously. Separate anal­
yses of temperature and precipitation alone were done, as was 
a combined temperature-precipitation field. Table 8 shows the 
spatial variability accounted for by the first 10 eigenvectors 
of the normalized departure fields of state-average tempera­
ture, precipitation, and temperature-precipitation. The precip­
itation eigenvectors are denoted by P and the temperature by T. 
Spectral analyses were made of the time coefficients asso­
ciated with each of the first ten eigenvectors of each field. 
There was no significant 22-year periodicity associated with 
any eigenvector pattern. This is a reasonable result, however, 
as EOF analysis is best suited to identification of mean 
patterns consistent with the entire period of record. Highly 
variable patterns in time are revealed as background noise 
and hidden in patterns associated with small eigenvalues. 
To be certain that no information was overlooked, the 
single station series of sea-level pressure, temperature, and 
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Figure 35. Relative June precipitation for W-II distribu­
tions for New York, Omaha, and Sacramento 
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Table 8. Spatial variability accounted for by eigenvectors 
associated with largest eigenvalues. 
P 
Eigenvectors 
T PT 
Number of variables per point 1 1 2 
Number of points 41 41 41 
Total variables 41 41 82 
Eigenvector Per cent of explained variance 
1 20.6 42 .1 25.2 
2 15.4 20.0 16.0 
3 9.8 13.6 8.9 
4 8.4 6.8 8.0 
5 5.7 4.7 5.1 
6 5.0 2.6 4.5 
7 4.1 1.7 3.4 
8 3.7 1.5 2 .9 
9 3.2 1.1 2 . 6  
10 2.7 0.8 2 .4 
Total 78.5 94.9 79.0 
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precipitation for 1873-1977 was subjected to an EOF analysis 
as a combined, 3 variable field. Once again, no significant 
22-year periodicities appeared in any of the coefficient series 
associated with the first 10 eigenvectors. As these accounted 
for over 52% of the variance of the combined field of variables, 
it was our judgment that no identifiable pattern of 22-year 
periodicity could be extracted by this method of analysis. 
No eigenvectors of single or combined variables involving 
temperature and precipitation fields of either state-averaged 
values or single-station values showed any spatial pattern of 
significance with a periodicity near 22 years. 
D. Geomagnetic Activity 
The problem associated with all studies of solar - terres­
trial relations which use sunspot numbers as indicators of 
solar activity, is the meaning of any positive results. There 
is no accepted physical mechanism by which processes associated 
with sunspots can affect the troposphere. The change in solar 
radiation during the solar cycle, if it exists, is just on the 
verge of present detectability. The entire problem of energet­
ics, where the small energy changes due to solar activity affect 
the energy of the atmosphere, which is several orders of mag­
nitude larger, is unresolved. 
Therefore, one last study was done, wherein a geomagnetic 
activity index series replaced the indirect sunspot number 
series. The geomagnetic activity index is definitely associated 
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with the earth and has been associated with terrestrial meteor­
ological influences. Wilcox, et al. (1974) have demonstrated 
the connection of geomagnetic activity to both their vorticity-
area index and short-term solar activity. The geomagnetic 
activity index chosen was the "aa"-index, as mentioned previ­
ously. 
The difficulty with using a geomagnetic activity index is 
that the values are defined in a uni-directional fashion. The 
magnitudes cannot easily by reversed in alternate cycles as can 
the sunspot numbers. The activity index does not approach zero 
between cycles. As a result, the only clear periodicity in the 
aa-index series is 11 years. This is shown in Figure 36 which 
is a smoothed periodogram of the 110 years (1858-1977) of 
values. A new feature of this periodogram is clearly seen to 
be the "persistence" or power at the longest period. This 
corresponds to the constancy of the series mean. 
This geomagnetic activity series was then used to produce 
cross-spectral analyses with the 84-year, state-average tem­
perature and precipitation area-index series for each month. 
Table 9 shows those series that have significant coherencies 
with the geomagnetic activity series at either 21 or 10.5 years. 
These results can only be interpreted in light of the strong 
11-year cycle in the geomagnetic activity index. Once again, 
the June P+ series shows up as the most significant one, al­
though at the 10.5-year period. The large number of significant 
coherencies that occur is remarkable in light of the lack of 
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Figure 36. Periodogram of geomagnetic activity series for 
110 years of record 
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Table 9. Area-index series having significant 10.5- or 21-year 
coherencies with the aa-index series. 
Series Coherency Significance Period 
Level (%) (years) 
Jan T+ 0.48 10 10.5 
May T+ 0.55 5 10.5 
Jun T+ 0.55 5 10.5 
Jul T+ 0.48 10 10.5 
Oct T+ 0.50 10 21 
Nov T+ 0.46 10 10.5 
May T- 0.56 5 21 
Jun T- 0.50 10 21 
Jun P+ 0.67 5% 10.5 
Nov P- 0.48 10 21 
^Significant at almost 1%. 
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corresponding periods in the individual periodograms of the 
various series. 
The 88-year temperature and precipitation series for Janu­
ary and June were then used for cross-spectral analysis with 
the geomagnetic activity series. Table 10 shows the 84- and 
88-year area-index series results. The coherency levels gen­
erally have been increased for the longer area-index series. 
The increase in coherency is possibly due more to the change 
of period to exactly 11 years than to the increasing length 
of the series. No additional studies were done with the geo­
magnetic activity indices because of the lack of 22-year peri­
odicity in the series. 
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Table 10. Cross-spectral coherencies of area-index series with 
geomagnetic-activity series for 84- and 88-year pe­
riods . 
84 Years 88 Years 
Series Coherency Signif­ Period Coherency Signif­ Period 
icance 
(%) 
(years) icance 
(%) 
(years) 
Jan T+ 0.48 10 10.5 0.60 11 
Jun T+ 0.55 5 10.5 0.67 5^ 11 
Jun T- 0.50 10 21 0.37 — 22 
Jan P+ 0.42 10.5 0.48 10 11 
Jun P+ 0.67 5^ 10.5 0.60 5, 11 
Jun P- 0.42 — 10.5 0.52 10^ 11 
^Significant at almost 1%. 
Significant at almost 5%. 
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V. CONCLUSIONS 
Several general conclusions have resulted from this study 
of comparisons of long-term weather records with solar activity. 
Detection of a 22-year periodicity in meteorological records 
seems to be a function of the length of the record. Four cycles 
are necessary, and five are a desirable minimum, to approach 
significant signal levels for the series studied. Fewer com­
plete cycles did not resolve the periodicity. More convincing 
evidence for this coherency with sunspot activity can only 
come from longer records of the variables. Approximately 100 
years is the current length of widespread instrumental records. 
Area weighting of the variables improves the amplitude of 
the 22-year signal. With available data lengths, area weighting 
becomes necessary to achieve traditional significance levels. 
This has the added advantage of acting as a filter on the series 
itself. Further, the location of a solar effect may vary over 
the various stations and still be included in the derived time 
series. The derived area-index series has a direct biological 
correspondence as well. This area-weighting procedure can be 
applied by objective Thiessen techniques, to single station 
records as well as original area-average data. 
Superposed epoch analyses may be the most sensitive way 
to analyze correlations between two series, particularly when 
one is of variable length such as the solar activity indicator 
series. This technique also generalizes immediately to dis­
continuous solar events such as sudden particle or wave emis­
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sions. An alternative method involving normalization of the 
solar series by selectively ignoring or duplicating data as in 
the Willett-period approach, does not appear to enhance the 
significance. The identification of particular periods with 
abnormal precipitation does not appear to be warranted, at least 
over large areas. Empirical orthogonal function analyses are 
best suited to characterization of long-term average patterns. 
They do not handle fluctuating patterns well. 
Sunspot numbers are a well-defined and readily available 
index of solar activity. Unfortunately, the physical connec­
tion between sunspots and the earth's lower atmosphere remains 
unknown. Geomagnetic activity is a physically more desirable 
index of solar activity, although, as with sunspots, no physical 
link to surface temperatures or precipitation has been sug­
gested. Also, geomagnetic activity indices are numerous and 
not directly interrelated. And the geomagnetic activity numbers 
do not account for the changing solar magnetic polarities. 
The 22-year period is missing in time series of this parameter. 
The aa-indices are not appropriate for studying 22-year cycles, 
so negative results are not surprising. 
Several specific conclusions resulted from this study as 
well. Area-index series formed from areas subject to tempera­
ture and precipitation extremes for each year of record show 
various periodicities. The monthly series which exhibit perio­
dicity near 22 years are eastern U. S. January positive temper­
atures, January positive and June positive temperatures for the 
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entire United States, and U. S. June positive and negative 
precipitation totals. The most dramatic 22-year cycle appeared 
in the June positive precipitation extremes. This result is 
notable, as previous studies have concentrated on negative pre­
cipitation departures associated with droughts. Apparently, 
biologically based proxy data are more attuned to drought con­
ditions . 
Artificially defined drought series do show a definite 22-
year periodicity in state-average temperature and precipitation 
combinations, but not in single station area-derived series for 
a more extensive period. Evidently, the two data sets are not 
strictly comparable. The area-weighting scheme for single 
stations cannot replace a dense network to supply a valid area 
average. 
Superposed epoch analyses of these area-index series with 
respect to the double sunspot cycle show significant correla­
tions for June "drought", June negative precipitation, and Jan­
uary positive temperature series at various timing positions of 
the sunspot cycle. Impressive, but less significant, correla­
tions exist for series of January T-, June P+, eastern U. S. 
January T+, and October P+ with respect to various timing key-
dates. Other series were investigated, but correlations were 
not as significant. 
The largest barrier to significant progress in understand­
ing solar - terrestrial relations, is the lack of a physical 
link between solar activity and the lower atmosphere. Proposed 
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linkages of ozone variability or stability changes remain uncon­
firmed. Short-term interplanetary magnetic field features 
offer fruitful possibilities for study as physical mechanisms 
are presumably related to sunspot relationships. Also, solar 
physicists need to identify the relations between various solar 
magnetic fields that may be involved. A solar parameter more 
physically related to the lower atmosphere could improve results 
when used as a keying event in SEAs, for example. 
One other consideration for similar studies in this field 
is the topography of the earth. The identified drought cycle 
in the central U. S. plains may be largely a product of solar 
variations on the unique system involving westerly flow across 
the north-south Rocky Mountains barrier combined with moisture 
flow from the Gulf of Mexico. A solar influence may not be 
able to affect other regions in this same way. The local con­
ditions may over-ride any clear response in an already noisy, 
meteorological series. 
Extensions of this work to other areas of the world should 
be done to identify the extent of this 22-year, solar - weather 
correlation. Temperature and precipitation data for many years 
exist for European stations. The area technique can be applied 
to this region to construct series that cover many more cycles. 
The magnitude of the effect on each area may someday assist in 
general "variability limits" forecasts for several years ahead, 
based on solar-activity prediction schemes. An educated guess 
of this variability could be of great benefit to economic 
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decision-making. Studies should also be undertaken to explain 
the observed limitation of the results to June and January. 
The time of occurrence could have significant impact on possi­
ble proposed physical mechanisms. 
Criticisms of solar - terrestrial studies as being wishful 
thinking or useless endeavors seem short-sighted. It is true 
that impressive statistical relationships have not been found 
in careful studies. It is also true that such a relation will 
not affect current weather forecasting. However, the identifi­
cation of solar - terrestrial relations is limited by the length 
and quality of available data. And, the utility of such infor­
mation cannot be predicted at present. Dismissing the entire 
subject from legitimate study could ultimately prove more harm­
ful than tolerating some fruitless and misdirected investiga­
tions . 
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